Abstract The ability of alkali-substituted binders for composite Si and graphite negative electrodes to minimize capacity fade for lithium ion batteries is investigated. Polymer films and electrodes are described and characterized by FTIR following immersion in electrolyte (1:2 EC:DMC) for 24 h. FTIR analysis following electrode formation displayed similar alkali-ion-dependent shifts in peak location suggesting that changes in the vibrational structure of the binder are maintained after electrode formation. The Si and graphite composite electrodes prepared using the alkali-substituted polyacrylates were also exposed to electrochemical cycling and it has been found that the performance of the Na-substituted binder is superior to a comparable density K-substituted system. However, in comparing performance across many different electrode densities, attention needs to be placed on making comparisons at similar densities, as low-density electrodes tend to exhibit lower capacity fade over cycling. This is highlighted by a 6 % difference between a low-density K-substituted electrode and a high-density Na-substituted sample. This low variance between the two systems makes it difficult to quickly make a direct evaluation of binder performance unless electrode density is tightly controlled.
Introduction
As electrochemical devices, Li-ion battery (LIB) performance is dictated by several factors including the active materials, electrolyte and solid electrolyte interphase (SEI), electrode composition, and parameters associated with electrode production such as density. In order to optimize LIBs for future applications including extended range electric vehicles (EVs), it is necessary to understand the distinct role that active and non-active components play in driving performance degradation. In particular, most electrode compositions for LIBs are complex, composite systems which contain binder, active materials, and usually conductive additives. The result is an intricate, high porosity, highly tortuous structure that directly impacts battery performance [1, 2] .
While there is a distinct push to increase energy and power density in LIBs for EV applications, there is a parallel need to improve durability. One route to improve the specific capacity of LIB negative electrodes is the use of Li alloying systems such as Si and Sn, both of which have capacities that far exceed what is currently available from graphite-based electrodes. A key issue with these materials is a large volume expansion, which is in excess of 300 % for Si [3] . Such expansion leads to severe particle pulverization and subsequent loss in capacity due to the enhanced reaction and reformation of the SEI on freshly exposed surface, and the subsequent loss of electrical conductivity through loss of electrical contact in the electrode. Combining these phenomena dramatically impacts the durability of alloying electrodes. One route to improve durability and to help minimize capacity loss that has been investigated is the use of binder systems, which are divergent from the traditionally used polyvinylidene fluoride (PVDF) [4] .
As a highly fluorinated polymer, PVDF has been effective for graphitic negative electrodes; however, when applied to Si-based systems it does little to minimize the well-characterized capacity fade, which is on the order of 50 % or more within the first 10 cycles [5, 6] . However, it was found that replacement of PVDF with other polymeric materials significantly improves the electrode performance [5, 7] . Among these candidates for PVDF replacement are conducting polymers [8, 9] and polymers which contain carboxylate moieties into the composite electrode formulation [10] [11] [12] . In particular, the use of polyacrylic acid (PAA, Fig. 1 ) and various alkali-ion substituted polyacrylates has seen considerable interest as electrode binders [5, 10, 13, 14] . The driver behind using the polyacrylate-based systems is the alteration in the interaction between carboxylate and the Si interface, where the change in interaction between the binder and the Si more closely represents an additional artificial SEI [5, 15] . Among the studies which have focused on polyacrylate species, the majority of the work has centered on PAA [6] , various extents of neutralized Li-substituted polyacrylate (LiPAA) [16] , and various extents of neutralized Na-substituted (NaPAA) [5, 13, 14] . The general trend that has been observed across these investigations is that PAA binders tend to perform better than PVDF with some of the best performers being associated with NaPAA. The work detailed below continues in the vein of some of these earlier studies by characterizing both NaPAA and K-substituted polyacrylate (KPAA) while also investigating the role that electrode density plays in performance degradation.
Experimental

Binder and electrode preparation
The preparation of polyacrylate salts was achieved by the neutralization of a 10 % by weight aqueous solution of polyacrylic acid (125 kDa) using the appropriate volumes of 1 M LiOH, NaOH, or KOH. Following addition of base, the solutions were stirred for a minimum of 2 h and the pH was checked to ensure a final pH of 7. Following confirmation of pH, the samples were initially dried at 40°C to remove the bulk of the water from the system. After the initial drying steps, samples were placed in a vacuum oven and dried at 60°C for 12 h at -85 kPa. Following drying, the clear alkali-ion-substituted polymers were reconstituted to 10 % weight solutions using 18.1 MX cm water. The weight percent solutions for each of the respective polyacrylates (LiPAA, NaPAA, and KPAA) were then blended with active materials and conductive additive. Graphite (Conoco-Phillips, A10) and Si (Alfa Aesar, 1-5 lm) were used as the active materials and C65 (Timcal) was used as the conductive additive. It should be noted that the size of Si particles (1-5 lm) was not optimized for extended durability. However, the larger particles were chosen to more distinctly drive performance degradation over a short testing span and to show more profound distinction between electrodes of different densities.
Two primary Si-graphite (SiG) electrode formulations were prepared for electrochemical testing ( Table 1 ). The loading level was maintained at 4.2 ± 0.5 mg cm -2 with the Si loading maintained near 1.1 mg cm -2 for the KPAA system and at 6.8 ± 0.4 and 1.8 mg cm -2 , respectively, for the NaPAA system. Additionally, mixtures of just Si (60 % by weight) with binder (30 % by weight) and C65 (10 % by weight) were prepared for base level investigation of Si performance and to look at potential shifts in the vibrational structure of the Li, Na, and KPAA binders. For all the formulations, prior to addition of the polyacrylate binder solution the three dry components were manually mixed to form a homogenous mixture (15 min). The binder solution was then added and the system was mixed continuously 3 times for 10 min using a rotary homogenizer (Biospec). Following the third mixing step, a small portion of the formula was checked for consistency and clumps prior to doctor blading onto Cu foil (18 lm). Cast electrode laminates were dried at 40°C for 2 h and then calendared to different thicknesses as discussed below. Following calendaring of the electrodes, individual electrodes were punched from the foil, dried at 90°C under vacuum for a minimum of 6 h at -85 kPa prior to loading into an inert atmosphere glovebox. Following the vacuum drying step, electrode masses and thicknesses were obtained for density measurements.
Cell construction and electrochemical testing
Electrode samples were tested in spring design coin cells (CR2032) in a half cell format using a Li metal counter electrode (Alfa Aesar), a Celgard 2500 separator and either 1:2 ethylene carbonate (EC):dimethyl carbonate (DMC) (v/ v) with 1.1 M LiPF 6 or 1:1:4 fluoroethylene carbonate (FEC):EC:DMC in 1.1 M LiPF 6 . Prior to building the cells, components were dried overnight at either 90°C (calendared electrodes and CR2032 components) or 60°C (separator) under vacuum (-85 kPa). Cells were constructed in an inert atmosphere Ar-filled glovebox with O 2 and H 2 O content below 0.2 ppm. Following construction, cells were placed on test within 30 min at room temperature (23°C) using a Maccor 2000 series tester. For testing activities, cells had spot-welded stainless steel tabs and were mounted in a custom cell holder. Cells were spaced a minimum of 5 cm from its nearest neighbor and were maintained in a horizontal orientation. Cycling rates (C/10) were determined for each composite SiG electrode based on the active material loading and the mass of each individual electrode. After being placed on test, cells underwent a 2-h soak followed by initiation of cycling at a calculated C/10 rate based on the mass and composition of the electrode. Electrochemical evaluation of electrodes containing only Si was performed using a PAR 263 potentiostat with half-cells of the same construction described above. Cycling rates (C/10 or C/3) were determined based on the mass of the individual electrodes. A V min of 25 mV (V max 1.5 V) was used for evaluating the Si only electrodes while a V min of 30 mV (V max 0.95 V) was used for the SiG samples. Between all charge or discharge steps, there was a 30-min rest for both types of electrodes and for both types of test equipment.
Electrode analysis
Electrode surfaces were imaged and analyzed using scanning electron microscopy (SEM) using a Quanta FEG 650 SEM. Following cycling, electrodes were harvested from the CR-2032 cells in the Ar glovebox and maintained in an Ar atmosphere prior to analysis. Electrodes were rinsed in DMC to reduce the amount of LiPF 6 and other electrolyte residues. FTIR spectra were acquired using a Magna 750 Fourier Transform Infrared (FTIR) spectrometer (Nicolet) using a diffuse reflectance cell.
Results and discussion
The use of new binder systems to show improved performance for many Si systems has been a topic of significant recent discussion [5, 6, 9, 13, [16] [17] [18] [19] . In part, this is due to the link between cycling performance and the chemical interaction between binders and active electrode components. Substitution of the proton in PAA with different alkali-ions changes the chemical environment of the resulting polymer. Three different alkali-ion substituted PAAs (Li, Na, and K) were investigated for the present work. Following neutralization and drying of the PAA samples, the resulting films were immersed in the baseline 1:2 EC:DMC with 1.1 M LiPF 6 electrolyte for 24 h. Following immersion, the samples were removed from the electrolyte, rinsed with DMC and analyzed using FTIR (Fig. 2a) . As is shown, there are distinct differences between the three substituted PAAs. First the broad peak located near 1700 cm -1 associated with protonated carboxylate becomes less prominent as the size of the alkaliion increases. Second the strong peak near 1600 cm -1 related to the deprotonated carboxylate undergoes a shift to lower wavenumbers when moving from Li to K and the peak located near 1450 cm -1 which can be attributed to CH 2 becomes attenuated as the ionic radius of the neutralizing cation becomes larger. Lastly, a second peak characteristic of carboxylate centered between 1415 and 1435 cm -1 undergoes a similar shift to lower values as the size of the substituting ion increases. Comparison of these stretches with prior work comparing PAA and NaPAA shows many similarities in band location [11] .
In addition to performing analysis of the native alkaliion-substituted PAAs, electrode films which contained Si, conductive additive, and the binder were cast and FTIR spectra were obtained for each of the three different PAA electrodes (Fig. 2b) after immersion in electrolyte (1:2 EC:DMC, 1.1 M LiPF 6 ). Following immersion, the electrodes were rinsed with DMC, dried and then analyzed using FTIR. The more elevated drying temperature of 90°C used for the full electrodes produces some change in the overall structure of the film as the bands centered near 1700-1750 cm -1 disappear. However, the general trend associated with the deprotonated carboxylates and the methylene are retained both with respect to general location, but also with respect to relative shift as the substituting ion is shifted to larger ionic radius from Li to K.
The results from this experiment are notable as the retention of character following mixing with the Si and conductive additive into the system indicates that there can be expected differences in the interaction between the different substituted PAAs and the Si particles. Additionally, the analysis of just the PAA films qualitatively suggests that even after immersion structure defined by the alkali-ion substitution impacts film properties. However, more in depth, quantitative analysis is needed to fully understand the extent of ion exchange between the PAA films and the Li ? in the electrolyte and the long-term implication of the non-Li alkali-ions. FTIR analysis of electrodes following cycling was attempted, but due to general roughening of the electrode due to Si swelling and SEI formation it was not possible to obtain data which could clearly differentiate the electrode systems.
In parallel with the FTIR analysis, a LiPAA electrode set was cycled at a C/3 rate for 15 cycles using a 1:2 EC:DMC baseline electrolyte (Fig. 3) . In the figure, the specific capacities for the entire electrode film are shown for the insertion of Li into the negative electrode (I) and for the removal of the Li (R). Imaging of electrodes was performed both before and after cycling (Fig. 4) . As expected for relatively large Si particles, there is a considerable decrease in specific capacity over the course of the first 6 cycles, followed by less distinct capacity fade and a subsequent second region of high capacity fade after 11 cycles. Following the first 2 cycles, a near uniform coulombic efficiency of 0.97 was observed. Comparing the loss in specific capacity and the coulombic efficiency indicates that non-electrochemical processes such as mechanical fracturing of Si and loss of electrical contact of active material in the electrode structure are occurring. The images shown in Fig. 4 highlight the stark difference in overall electrode structure which occurs during only 15 cycles. Of note is that distinct Si particles are difficult to observe due to SEI formation and fracturing of the particles.
The results described in Figs. 3 and 4 are not unexpected. Indeed, the use of large Si particles, even with a LiPAA binder, is expected to lead to significant volume expansion issues. However, the rapid decline in performance can also serve as a means to more rapidly look for degradation effects associated with the interaction between electrode components. As such it was used as a screening tool for two different SiG electrode formulations (Table 1) and for multiple electrode densities as detailed below. The investigation of SiG electrodes using either NaPAA or KPAA rather than LiPAA was undertaken for two primary reasons. First, earlier work has distinctly shown advantages to using NaPAA over LiPAA [10, 14] . Second, there are only a few report available on the use of KPAA [14] . However, the reduction potential of K is negative of Na (-2.925 vs. -2.714 V vs. NHE) and much closer to the reduction potential of Li (-3.045 V vs. NHE) [20] . The smaller variance between the Li and K reduction potentials may limit the possibility of electrodeposition of K-ions liberated from the KPAA binder versus Na-cations liberated from the NaPAA. As is seen below, this issue is relatively minor due to the higher performing NaPAA binder and as such is not a major degradation mechanism.
As a first comparison of the two binder systems, experiments were performed with electrode densities near 1.45 g cm -3 ( Fig. 5 ) using an electrolyte which either was 1:2 EC:DMC or 1:1:4 FEC:EC:DMC both at 1.1 M LiPF 6 . As can be seen from the specific capacity data in Fig. 5a , there is a distinct difference between the performance of the Na and KPAA over the first 25 cycles. Upon initial analysis, the inclusion of FEC, for these systems, appears to have limited benefit over the first 25 cycles. However, when inspecting the coulombic efficiency (Fig. 5b) , it becomes obvious that the FEC improves CE for the KPAA when compared to the use of EC. The improvement extends from both the second cycle through the completion of 25 cycles and is improved further through the use of the NaPAA binder. For the second cycle CE, the values are 0.813, 0.851, and 0.864 for the KPAA with EC, KPAA with FEC, and the NaPAA with FEC, respectively. These improve to 0.977, 0.988, and 0.989 by the 25th cycle. The average for each system over the first 25 cycles is 0.959 for the KPAA with EC, 0.970 for the KPAA with FEC, and 0.976 for the NaPAA with FEC. The overall comparison of the FEC-containing versus the non-FEC-containing electrolyte is that the FEC improves the overall SEI stability and allows more efficient electrochemical cyclability, but it does little to minimize the mechanical degradation of the , KPAA, EC 1.455 g cm -3 , and NaPAA, FEC 1.469 g cm . b Coulombic efficiency over the first 25 cycles for the three different systems large Si particles and does not help minimize loss of electrical contact in the electrodes.
Analysis of the current-voltage profiles for each of the conditions near 1.45 g cm -3 shows little difference between the three conditions after the 2nd cycle as highlighted in Fig. 6a . However, by the 25th cycle, there is a distinct difference between the NaPAA and the KPAA binders where significantly more capacity at higher voltages remains for the NaPAA system (Fig. 6b) . The additional capacity observed in the NaPAA system, which resides almost entirely above 0.3 V, can be attributed to a less pronounced loss in capacity associated with the Si component of the SiG electrode [21] . This is further reinforced in Fig. 6c , where the differential capacity, dQ dV -1 , data are presented for the NaPAA sample after both the 2nd and the 25th cycles. The heights of the peaks for Fig. 6c are relative to each other to show changes in the voltage at which key changes in the electrode occur. From the charge component of the dQ dV -1 , which is associated with extraction of Li from the electrode, it is evident that there is little change in processes occurring within the electrode at the higher voltages. There is some shifting which occurs in the lower voltages of the Li removal sweep which may be associated with increased impedance after 25 cycles. In addition to the minor changes at the lower voltages, there is a distinct alteration in the higher voltages associated with the Li insertion sweep where the peak originally centered near 0.3-0.35 V in cycle 2 completely disappears by the 25th cycle. The absence of the peak after 25 cycles and its relatively high voltage suggest that the peak observed in the second cycle may be associated with initial SEI formation stages or with known crystallographic changes in Si structure which occur during the first few cycles [22] .
In addition to the use of different binder materials, recent work by Liu et al. investigated electrode thickness as a means to alter performance Si electrodes [23] . Advancing on the concept of looking at thick versus thin electrodes, multiple electrode densities were investigated for both the NaPAA and KPAA SiG electrodes. The data shown in Fig. 7 look at the role of relative capacity fade at four different points of cycling for the two different electrode formulations and using two different electrolyte blends. In first looking at the KPAA systems, there is little difference through the first 25 cycles between the use of FEC and EC in the electrolyte in terms of relative capacity loss. However, beyond 25 cycles, there is a more pronounced decrease in capacity for the electrodes which used the straight EC:DMC electrolyte blend. Indeed, the KPAA electrodes exposed to 1:1:4 FEC:EC:DMC display less than an additional 5 % capacity fade between cycles 25 and 50 while the electrodes using 1:2 EC:DMC displayed close to 20 % fade. The improved performance mirrors many previous studies which have found that the inclusion of FEC in the electrolyte improves cycling performance for Si-containing electrodes [24, 25] .
Additionally, for both the KPAA electrodes sets, there are clear distinctions in total capacity fade which can be linked with the overall density of the electrode. For both electrolytes, the lower density electrodes displayed close to 15 % greater capacity retention in the first 50 cycles when compared to the high-density electrodes. For the NaPAA binder, a less pronounced trend is observed. Liu et al. have also observed a change in performance which is related to electrode density when using smaller Si particles and a carboxymethyl cellulose (CMC) binder [23] . However, in the case of that work, the trend was that more dense electrodes performed better. The difference between the work of Liu and the present work can be rationalized based on the different densities of electrodes investigated in the two studies. In the present study, the lowest density investigated was 1.26 g cm -3 , while Liu had a maximum electrode density of 0.34 g cm -3 . The opposite nature of trends for lower (from Liu) [23] and higher (the present work) density electrodes suggests that there is an optimal ground somewhere between the two groups where Si has sufficient room for expansion, yet there is still a high degree of electrical connectivity. It is also highly likely that the exact location of the optimal electrode density will vary based on the total Si content and the amount of other electrode components including graphite and other carbon additives. The third comparison that can be made from the data in Fig. 7 is that the NaPAA electrodes perform better across all electrode densities when compared to the KPAA electrodes. This correlates well with the data shown in Fig. 6 and reported recently [14] . Additionally, the difference in performance falls in line with experimental work looking at the impact of different alkali-metal contaminants in the electrolyte where K-containing electrolytes tended to perform worse than electrolytes with Na impurities or with only Li present [26] .
While performing better, some of the higher density NaPAA electrodes displayed only a marginal improvement over the KPAA electrodes that had low densities and which used the same 1:1:4 FEC:EC:DMC electrolyte. As an example the KPAA sample at 1.26 g cm -3 had a 48.1 % capacity retention after 50 cycles while the 1.62 g cm -3
NaPAA electrode had a retention of 54.1 %. Given the variability of coin cells, this is typically within the range of cell-to-cell variability and as such makes it difficult to clearly say which binder is performing better. This highlights the need to pay close attention to not only just electrode formulation and loading mass, but also preparation means which impact performance such as calendaring and overall electrode density.
Conclusions
An investigation of the performance of KPAA and NaPAA binders for composite Si and graphite electrodes was performed. FTIR analysis of as-formed films and electrodes immersed in electrolyte for 24 h similar shifts in peak location for both systems as the alkali-ion increased in size from Li to K. With respect to cycling behavior, it was found that the NaPAA binder displayed lower capacity fade over 50 cycles. In addition to a straight comparison of the binder materials, a side-by-side comparison of the impact of electrode density was performed for the different materials. It was found that lower density electrodes in general perform better than higher density electrodes using the same binder material. However, when comparing different binder materials, it is important to tightly control density as the variability between a low-density and highdensity electrodes can lead to the potential to mis-identify top performing systems. As an example, there is only 6 % difference in capacity retention for low-density KPAA SiG electrodes and high-density NaPAA electrodes when using the same 1:1:4 FEC:EC:DMC electrolyte.
